Abstract Therapeutic advances over the past three decades now allow most cancer patients to achieve major clinical responses. Although clinical responses can clearly decrease side effects and improve quality of life, most cancer patients still eventually relapse and die of their disease. Many cancers have now been shown to harbor cells that are phenotypically and biologically similar to normal cells with self-renewal capacity; these so-called cancer stem cells (CSC) typically constitute only a small fraction of the total tumor burden, but theoretically harbor all the self-renewal capacity. Moreover, the CSC appears to be relatively resistant to standard anticancer therapies by co-opting normal stem cells' intrinsic defense mechanisms, such as quiescence, efflux pumps, and detoxifying enzymes. However, the clinical importance of CSC, if any, remains unproven. Nevertheless, emerging evidence suggests that initial responses in cancer represent therapeutic effectiveness against the bulk cancer cells, while the rare CSC is responsible for relapse. Better understanding of the biology of CSC, as well as reexamining both our preclinical and clinical drug development paradigms to include the CSC concept, has the potential to revolutionize the treatment of many cancers.
Only a minority of cells from most hematologic malignancies and solid tumors are clonogenic in vitro and in vivo. This low clonogenic potential could represent proliferative capacity exclusively restricted to a small subset of cancer cells, or alternatively all the cells within a cancer retaining the capacity to proliferate but only at a low rate. Which of these two possibilities explains the low clonogenicity of most cancers, has been debated for years. Fialkow and his colleagues first suggested that chronic myeloid leukemia (CML) arose from rare transformed hematopoietic stem cells (HSC) nearly 40 years ago, when they showed that both granulocytes and red blood cells from CML patients were derived from a common cell [1] . The first modern use of the term cancer or tumor stem cells was probably by Park et al., who found that only a minority mouse multiple myeloma cells were capable of clonogenic growth [2] . The stem cell origin of CML was confirmed more than 15 years ago when several groups utilized phenotypic characteristics of HSC to identify and isolate CML cells capable of expansion ex vivo [3] . Dick and colleagues extended these observations, showing that phenotypic primitive HSC purified from patients with both acute myeloid leukemia [4] and CML [5] would generate leukemia in vivo when injected into non-obese diabetic (NOD)/severe combined immunodeficiency (SCID) mice.
Such cells have more recently been described in many other malignancies [6, 7] . A recent consensus conference defined cancer stem cells (CSC) as tumor cells possessing the capacity for self-renewal and generating the cells that comprise the tumor bulk [7] . Although CSC have been hypothesized to arise from transformed normal cells with stem cell properties, it is very possible that the transformation process itself may be able to induce self-renewal capacity. Hence, these cells have also been designated "tumor-initiating" or "tumorigenic" cells, although the most commonly used label remains CSC [7] . The current gold standard for identification of CSC requires that they possess the ability to engraft immunodeficient mice [4, 8] . However, this is an artificial culture system that could either under or overestimate the true frequency of CSC. Differences in these in vivo culture systems may account for the widely varying frequency of melanoma CSC (ranging from one in a million, to one in four, tumor cells) that has been reported by different investigators [9] .
Putative CSC have been reported to be relatively resistant to standard anticancer therapies [10] [11] [12] , at least in part by co-opting normal stem cells' intrinsic defense mechanisms such as quiescence, efflux pumps, and detoxifying enzymes [11] . The CSC concept proposes that CSC are responsible for most relapses, and must be eliminated to realize cures [6, 13] . However, currently there are no definitive data that CSC from any malignancy are in fact responsible for disease relapse or resistance. Thus, the data on CSC remain largely laboratory curiosities, leading many investigators to question the biologic and clinical relevance of these cells [14] .
The paradox of response and survival
A cardinal principle of cancer therapeutics has been that evidence of a clinical response will translate into improved survival. The major advantage of using clinical response as the primary endpoint of therapeutic trials is that it is measurable over weeks to months, allowing the stepwise process of drug development to occur more rapidly and efficiently. In contrast, demonstrating a survival benefit adds significant complexity to clinical trial design, usually requiring the accrual of large patient numbers and long follow-up to provide statistical significance.
Although clinical responses can clearly decrease side effects and improve quality of life, there is surprisingly little evidence that disease response is an appropriate surrogate for survival [6] . In fact, there are numerous examples in which response does not predict for an improved survival. Indolent lymphoma patients who achieved a complete remission with conventional dose therapies in the prerituximab era did not experience a survival advantage over similar patients treated with a "watch and wait" approach [15] . In multiple myeloma, neither the magnitude nor the kinetics of clinical response impact survival in some studies [16] . Even the most intensive therapy for myeloma, blood or marrow transplantation [17, 18] , provided no overall survival advantage in the national intergroup trial [19] or in two recent metaanalyses [20, 21] . Similarly, significant clinical responses in pancreatic cancer [22] and prostate cancer [23] have not translated into survival benefits. Further, despite new treatments that now produce complete remissions in the majority of women with ovarian carcinoma, cures are rare [24] .
CSC and cancer therapeutics: the dandelion phenomenon
The CSC concept could explain this lack of a correlation between response and survival in many malignancies. Multiple myeloma has long been considered a malignancy of plasma cells, since they form the bulk of the tumor. However, the myeloma plasma cells actually appear to arise from a minute population of less differentiated CSC that resemble memory B cells and have the ability to self-renew, differentiate, and generate the disease in vitro [25] and in NOD/SCID mice [11] . Although not stem cells in the classic sense, memory B cells could be considered "honorary" stem cells in that they are long-lived, selfrenew, and differentiate into plasma cells in order to maintain long-term immune memory. Moreover, the novel antimyeloma agents bortezomib and lenalidomide, which display significant activity against myeloma plasma cells, in vitro and clinically, exhibited little activity against myeloma CSC in vitro [11] . This pattern of activity is analogous to mowing a dandelion (Fig. 1) ; although this will eliminate the visible portion of the weed, the unseen root also needs to be eliminated to prevent regrowth [6, 13] . Conversely, rituximab and alemtuzumab eliminated myeloma CSC in vitro, but had no activity against myeloma plasma cells that lack the relevant target antigens (CD20 and CD52, respectively) [11] . This treatment effect mimics attacking just the root of the dandelion (Fig. 1) ; although this has no immediately discernible effect on the weed, over time, the weed should eventually wither and die if its root has been eliminated [6, 13] .
Evidence of clinical relevance
Although rituximab's activity in multiple myeloma has been disappointing [26] , parameters typically used to follow clinical response in myeloma (i.e., monoclonal immunoglobulin level and percentage plasma cells in the marrow) primarily measure the effect of therapies on the plasma cells. The long survival of the myeloma plasma cells could have obscured activity against the myeloma CSC responsible for maintaining the disease. Perhaps a longer duration of rituximab treatment could ultimately have demonstrated clinical responses using traditional criteria, by inhibiting new myeloma cell production for a sufficient period of time to allow terminally differentiated myeloma plasma cells to undergo spontaneous apoptosis.
With this background, our group initiated a clinical trial targeting the putative myeloma CSC with rituximab [27] . In this trial, high doses of cyclophosphamide as used in myeloablative conditioning for stem cell transplantation were also given to debulk myeloma plasma cells. HSC are protected from the toxic effects of high-dose cyclophosphamide because of their high expression of aldehyde dehydrogenase, the major mechanism of the drug's inactivation [25] . Accordingly, high doses of cyclophosphamide do not require autologous HSC rescue, and the possibility of circulating myeloma CSC [11] reinfusion. Although all patients quickly recovered normal blood counts and there were no unexpected toxicities, only three of the 21 patients entered on the trial remain progression-free beyond 2 years. Importantly, however, although the number of myeloma CSC after high-dose cyclophosphamide did not correlate with outcome, there was a strong and significant association between myeloma CSC numbers in patients after treatment with rituximab and progression-free survival [27] . Moreover, rituximab could be detected on the surface of circulating myeloma CSC from patients who progressed, suggesting that the therapeutic concept was valid but that rituximab was unable to kill the myeloma CSC. Residual breast tumor cell populations persisting after conventional treatment have recently been shown to be enriched for phenotypic breast CSC [28] . These data from myeloma and breast cancer patients suggest for the first time clinical relevance for CSC.
Eliminating CSC
Currently, much of the search for novel anticancer therapies has focused on oncogenes that are specific for (e.g., BCR-ABL in CML), or overexpressed in (e.g., c-myc or bcl-2), selected cancers. However, attacking cancer-specific targets has met with variable success, and many of the most effective anticancer therapies, such as rituximab in lymphomas, high-dose cytotoxic therapy, or the allogeneic graft-versus-tumor effect, show limited or even no tumor selectivity. Targeting a cancer-specific pathway could fail for several reasons. It is likely that many cancers have already acquired multiple oncogenic mutations, even at initial diagnosis, capable of driving tumor growth; in such cases, targeting only one oncogene might be expected to generate limited activity. Further, even when the initiating oncogenic event is targeted as with imatinib in CML, inherent properties of stem cells may make the target inaccessible or irrelevant. For example, stem cells' quiescence and high expression of ABC transporters may limit a drug's access to a target; moreover, inhibiting an oncogene would not be expected to eradicate cells that are already long-lived in the absence of the oncogene [13, 29] .
Properties shared with normal stem cells not only appear to be responsible for CSC resistance to many anticancer agents [11] , they may also lead to the development of novel therapies active across many malignancies. In fact, prospective targets shared with normal stem cells may have particularly strong anticancer potential since their con- [30] and/or postnatally (e.g., telomerase [31] ) also appear to be important for the growth of many cancers. Preliminary data suggest that inhibition of these pathways, even when they are not mutated or overexpressed, may produce potent antitumor activity across a range of malignancies, possibly because of the key roles these pathways play in stem cell maintenance and growth [32] . While toxicity from lack of tumor-specificity is an obvious concern for shared stem cell targets, there are several potential differences between normal and CSC that may provide a therapeutic ratio for shared targets. Normal stem cells have normal cell cycle checkpoints that are likely to protect them from cellular damage or crisis. The stage of differentiation at which cancers arise may also provide a therapeutic ratio for approaches targeting cancer. Although many cancers may arise from tissue stem cells, they may not be the most primitive tissue stem cells as exemplified by CML which appears to arise from myeloid or lowquality stem cells [3] . Accordingly, if a therapy equally eliminated both CML stem cells and their normal counterparts, the existence of more primitive normal HSC should replenish the normal progenitor pool [29] .
Another example of a shared stem cell target potentially providing tumor selectivity is telomerase, where differences between CSC and their normal counterparts in the interplay of telomere length and telomerase may provide a therapeutic ratio. Normal stem cells require telomerase to prevent telomere shortening leading to replicative senescence. However, even in the absence of telomerase, normal stem cells can maintain replicative capacity for some period of time because of their relatively long telomeres. Accordingly, telomerase knockout mice show a phenotype only after four to six generations [33] . In addition, the major cause of death in dyskeratosis congenita, a congenital disease that results from loss of function mutations in telomerase components, is bone marrow failure, but this usually does not manifest until the second or third decade of life [34] . In contrast, uninterrupted telomerase activity may be absolutely required for the maintenance and growth of most malignancies, in order to stabilize the short telomeres that have been hypothesized to characterize CSC [35] . In fact, crossing telomerase knock-out mice with INK4a −/−- [36] or APC min [37] mice predisposed to cancer, significantly lowered the development of cancers in these mice. Thus, the differential in telomere length between normal (long) and cancer (short) stem cells could provide telomerase inhibition selectivity toward cancer.
The rarity of many CSC (often <1% of the total tumor cells) has both limited their study and potentially masked CSC responses to treatment. Any therapeutic impact on the rare CSC may be imperceptible, hidden by the bulk of differentiated cells (Fig. 1) . Current detection methods are insufficient to resolve differences in the size of the minute CSC population with treatment. Hence, as discussed above, therapies which are effective against only the differentiated cells (but inactive against CSC) may appear overly promising, while highly active agents against CSC may appear falsely ineffective if they have little impact on the differentiated leukemic bulk.
Because of the difficulty assessing the effects of therapies on the rare CSC responsible for relapse, the development of such approaches requires new clinical paradigms and methodologies [6] . We believe these new paradigms should rely heavily on preclinical modeling, employ nontraditional measures of clinical response as trial endpoints, and utilize novel preclinical assays to evaluate the fate of CSC. Preclinical studies should assess the effects of therapies on both CSC and differentiated cancer cell populations. Using suitable preclinical models, it may be possible to develop a detailed understanding of the mechanisms of action of new treatments, as well as strategies for optimizing activity; this could potentially allow a fully developed new approach to be taken directly from the "bench to the bedside". However, effective preclinical models for CSC may ease the task of clinical trial development, but will not eliminate the need for new clinical paradigms. Evaluating the efficacy of treatments against CSC should be possible by utilizing these treatments after debulking the differentiated cells that constitute the majority of the tumor. In cancers where clinical debulking is successful (i.e., complete remissions are common but transient), studying therapies after induction of remission should permit using duration of remission as a measure of activity against the CSC. The fate of CSC could also be assessed as correlative laboratory endpoints using newly developed preclinical assays.
Conclusions
Initial responses in cancer represent therapeutic effectiveness against the cancer cells making up the bulk of the tumor; emerging data suggest that resistant CSC are often responsible for relapse. Since many currently active treatments have been developed to target the cancer cell bulk, they may have little activity against biologically distinct CSC. Moreover, traditional response criteria measure tumor bulk and may not reflect changes populations of rare cancer stem cells [6] . Standard response parameters may not only potentially overestimate the effect of therapy on the minute population of stem cells, but may also underestimate it. Therapy, selectively directed at CSC will not immediately eliminate the differentiated tumor cells; such therapy therefore might be prematurely abandoned if clinical activity is judged solely by standard response criteria that reflect the effects of treatment on the bulk of the cancer. Thus, it is likely that improving the results of cancer therapy requires identification and better understanding the biology of CSC, as well as reexamining both our preclinical and clinical drug development paradigms to include the CSC concept.
